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ABSTRACT
Experimental HIP and heat treatment cycles were applied to Laser Powder Bed Fusion fabricated
Inconel 718 parts. Recent advances allow for rapid cooling in the HIPing chamber allowing one
unit to perform HIP along with other heat treatment cycles such as solution annealing and ageing.
Different cycles yield various effects on the porosity reduction as well as the growth of grain in
the microstructure, consequently presented different mechanical properties. Specimens were
therefore analyzed for density, microstructure, and tensile properties.

In addition, the mechanical and microstructural analysis of HDH Ti-6Al-4V was performed. The
high cost of GA Ti64 material is a significant cost driver in the AM process. Ti64 HDH
(Hydrogenation-Dehydrogenation) is a low-cost form of titanium powder that has been recycled.
Compared to its spherical GA counterpart, HDH powder is irregular in shape and larger in particle
size, with a higher concentration of hydrogen. This could hinder the LPBF processes as well as the
mechanical properties of the final part. However, if process parameters can be developed for this
particular material, along with standardized Hot Isostatic Pressing and Annealing, one might
accomplish similar mechanical properties to GA powder while reducing cost. In this study LPBF
Ti64 HDH samples were fabricated, heat-treated, and HIP-ed in three different variants. They were
then machined and tensile tested in accordance with ASTM E8 standard.
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CHAPTER 1
INTRODUCTION

1.1 Inconel 718
Inconel 718 is Nickle based superalloy created in the early 1960s by Pratt-Whitney. Since
its inception it has become one of the most widely used Ni-base superalloys in the Aeronautics
and Aerospace industry. It is widely favored for its outstanding mechanical properties through a
wide range of operating temperatures from the cryogenic, to high temperature applications such as
turbine blades. It has also been extensively used in a broad array of energy industries [1-5]. Its
utility is mainly derived from its ability to be tailored for a wide range of mechanical properties
through heat treatments that include homogenization and stress-relief anneals, solution treatment,
and aging. Inconel 718 has a density of ~8.2 g/cm³ and melt temperature of around 1430 ℃ which
are accounted by its nominal composition of 50-55 wt % Ni, 12-21 wt % Cr, and 4.75-5.5 wt %
Nb. Both density and melt temperature will vary with specific composition.

Heat treatment strategies produce primarily fcc gamma-prime (𝑁𝑖! (𝑁𝑏, 𝑇𝑖)) precipitate
spheroids or cuboids at varying length scales (nano-to-micro), bct gamma-double prime (𝑁𝑖! 𝑁𝑏)
disc-like precipitates coincident with {001} planes in the fcc Ni-Cr (gamma) matrix; and needlelike plates of delta phase (𝑁𝑖! 𝑁𝑏). Small additions of carbon in the composition can form a variety
of carbides in the grain boundaries and the matrix, and a host of brittle laves
(𝑁𝑖, 𝐹𝑒, 𝐶𝑟)" (𝑁𝑏, 𝑀𝑜) phases precipitates, which are deleterious to mechanical properties, can
also form [2-5]. In commercial cast and wrought Inconel 718 alloy products strengthening is
accomplished by solutionizing and aging treatments to adjust the gamma-prime/gamma-double
prime volume fraction, which can produce Rockwell C-scale hardnesses (HRC) ranging from ~20
1

to 50, tensile strength ranging from 1 to 1.4 GPa, UTS ranging from 1.2 to 1.5 GPa, and elongations
ranging from ~12% to 25% [2-5].

With the implementation of Additive Manufacturing technologies, namely Laser Powder
Bed Fusion and Electron Beam Powder Bed Fusion, Inconel 718 has received renewed interest
because of its potential improved applications from the ability of AM to create complex and costeffective component geometries often impossible to manufacture by conventional manufacturing,
and the continuing prominence in the aerospace and energy industries [6-12]. In recent time many
of the LPBF and EBPBF studies [6-12] have also included a wide range of post-process heat
treatment cycles to continue to provide selective and optimized mechanical properties specifically
suited to applications of these novel products.

It is of note, by nature of precursor pre-alloy powders can contain inert gas bubbles as a
consequence of the atomization process. In addition, scanning errors can create poor powder
sintering and melting. Resulting porosity in fabricated parts is a concern in their performance. In
contrast to EBPF, in LPBF residual stresses are of concern. These are issues that can be addressed
through Hot Isostatic Pressing (HIP) as a post-process. HIP however, has its own issues as a
consequence of the high temperatures involved, which can dissolve strengthening microstructures
and create unwanted grain growth, generally degrading the mechanical properties.

In this manuscript, new HIP strategies were investigated for LPBF processed Inconel 718
by incorporating high temperature strategies for optimum mechanical properties. These are
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associated with carbide precipitation-strengthened, small (30-50 µm) grain structures that provide
nominal tensile strengths above 1 GPa, and corresponding elongations greater than 11%.

1.2 HDH Ti-6Al-4V

Additive manufacturing has become a revolutionizing manufacturing process, which has
been characterized as underpinning the so-called Fourth Industrial Revolution. Powder Bed Fusion
processes such as Laser Powder Bed Fusion (L-PBF) and Electron Beam Powder Bed Fusion (EBPBF) in particular provide a wide range of cost-saving, high precision and speed of production for
complex product shapes applied to aerospace automotive, biomedical, and related applications,
including maintenance, repair and sustainment. Qualification and certification of optimized parts,
especially aerospace and aircraft components are also issues of importance [13-18].

Ti-6Al-4V in particular has become one of the most widely used titanium alloys for
additive manufacturing of a wide range of components, due to its low density, high mechanical
strength, excellent corrosion resistance, and related properties [19-20]. This has become especially
true in the Laser Powder Bed Fusion process. In this technology the process is performed under an
inert gas atmosphere (argon or nitrogen), this shield gas flow reduces oxidation of the alloy powder
and the melted layers. The precursor powder, however is also an important factor as the
morphology, size and size distribution can affect the powder flowability, laser beam energy
absorption, and conductivity of the powder bed, which change as the bed consolidates and melts.
In addition, the laser process parameters have a controlling effect on layer building as well as the
microstructure and properties of the as-built product. Such parameters include but are not limited
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to laser beam energy and energy density which is related to the absorbed energy in the powder
layer, scan speed, and the beam size or scan spacing [20-21].

As mentioned above, it is apparent to note that the initial powder bed particle packing or
packing density has an effect on the laser beam energy absorption and melt efficiency of the layers;
and this will in fact change as the powder bed layer melts. The wider distribution of particle size
associated with spherical powders can optimize bed packing and densification by more effectively
filling void spaces with smaller particles requisite flowability. These powder however, generally
have a higher cost since their production involve gas or plasma atomization [21]. In contrast Ti6Al-4V powders having non-spherical shapes are easily produced by forming stable, brittle
hydrides that can be crushed, milled, and screened to produce fine powders which are dehydrided
to form non-spherical alloy powder. This Hydride-Dehydride (HDH) process is a long-established
process for Ti and Ti alloy powder production [22-23], and represents a significant economic
advantage over spherical, atomized powder production [24, 25, 26]. It is important to note the
supply and demand valance, will cause price variations; however, in any case Hydride-Dehydride
Ti-6Al-4V powder has been seen as low as $30 per Kg as found by M. Yan et al. [25]

Powder bed fusion fabrication utilizing non-spherical precursor powder is a challenge due
to the powders lesser flowability, packing and melt efficiency. These characteristics are necessary
in order to achieve optimized part production characterized by short production times to achieve
requisite mechanical properties and associated microstructures. Jaber, et al. [24] have recently
demonstrated that for Laser Powder Bed Fusion of a hybrid 50% spherical and 50% non-spherical
(HDH) Ti-6Al-4V powder, the flowability was the crucial parameter governing the residual tensile
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properties of fabricated components. Hou, at al. [27] also recently modified HDH Ti-6Al-4V
powder by ball milling, and were able to produce 99% dense products for this modified powder
using Laser Powder Bed Fusion. Narra et al. [28] also compared melt pool porosity for Electron
Beam Powder Bed Fusion processing of spherical and non-spherical Ti-6Al-4V alloy powder.
Microstructures observed for HDH Ti-6Al-4V alloy builds were observed to be similar to those
for parts fabricated using spherical, atomized powders.

In this manuscript, Laser Powder Bed Fusion process parameters were systematically
varied in order to find optimized conditions to fabricate an assortment of complex Ti-6Al-4V alloy
products and test components; utilizing 100% non-spherical HDH Ti-6Al-4V alloy powder. While
the as-fabricated components were near full density, conventional post-process annealing relieved
process-induced internal stress, while HIP reduced remaining porosity and produced components
with microstructures and mechanical properties compatible with those, characteristic of Ti-Al-4V
alloy products fabricated using spherical, atomized precursor powder and heat treated. In fact, asbuilt and post-process HIP components fabricated from non-spherical, HDH Ti-6Al-4V alloy
powder using Laser Powder Bed Fusion exhibited tensile properties as good as the best,
commercial Ti-6Al-4V wrought products.

1.1

Motivation

Report for the first time the successful fabrication of TI64 HDH parts subjected to HIP and
Annealing by LPBF. Report for the first time the effect of Experimental (Heat treatment within
HIP) of AM LPBF Inconel 718. Close the gap in performance between AM and traditional
manufacturing methods. Improve the reliability of the AM process.
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1.2

Thesis Objectives
•

Inform about State of AM

•

Characterize effects of experimental HIP cycles on Inconel 718 AM parts

•

Obtain comparable mechanical performance from Low Cost Ti64 HDH powder

6

CHAPTER 2
LITERATURE REVIEW

The current state of manufacturing is slow and inefficient; however, it has the potential for
drastic change with the implementation of Additive Manufacturing (AM) technologies. A large
part of our engineering capabilities is controlled by current manufacturing constraints and
limitations. In traditional metal manufacturing scenarios, parts are usually machined from blocks
of raw stock by skilled machinists. This is a source of increased cost contributed by waste material,
labor cost, and lead time. This can be seen in the aerospace industry where machined parts
represent only 10% of the raw material and 90% is waste, this known as the Buy-to-Fly Ration
[29]. As shown in Fig. 1 below, in this particular aerospace part the fly-to-buy ratio is 21:1 [30].

Figure 1. Example of Buy-to-Fly Ratio in a forged component.

As new manufacturing techniques emerge, we gain the ability to create new technologies
with new capabilities. Additive Manufacturing, colloquially known as 3D printing, is such a
technology that is revolutionizing the current manufacturing and supply chain landscape.
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Additive Manufacturing is opening the avenue for engineers to design parts with complex
geometries using various metal alloys. This allows for the creating of hollow structures that were
previously inaccessible from traditional manufacturing methods. Complex hollow features allow
for internal cooling ducts directly into high temperature application parts such as turbine blades
and rocket nozzles [31]. Combined with topology optimization, generative design, and FEA tools,
this allows for the creation of optimized structures for specific application conditions. Similar to
how organic structures are formed to minimize weight AM can create parts to maximize
performance in the aerospace industry where weight-to-thrust ratio is imperative. The Fig. 2 below
represents (from left to right) the original part design for a bracket with its initial conditions (loads
and maximum possible design space) and the iterations created by the generative design software
[32]. The potential weight and material savings are notable.

Figure 2. Example of Generative Design Iterations.

From an economic standpoint AM too has the potential to revolutionize the supply chain. Global
revenue generated by AM is estimated at 1.714 Billion USD in 2011 with estimates of exponential
growth in the coming decade [33]. In the current state of the supply chain goods are shipped in one
of three ways: air, water, and land. Typically, goods are initially manufactured as a prototype, upon
8

which a final form is accepted and the manufactured at scale. The parts are then sent to another
manufacturer for final assembly and shipped once again to the end user. In this model tens of
trillions of dollars in capital are trapped on boats and planes at any given time. This is in addition
to the millions of dollars charged for tariffs and fuel consumption in shipping [34]. Additive
Manufacturing can aid to relief strain in the supply chain by circumventing many of the
intermediate steps [35]. In this proposed model, only the raw materials would be shipped to the
manufacturer, who may very well be the end user. The final manufacturer would receive the CAD
through a simple email, avoiding the slow transit of ships and land travel, as well as simplifying
tooling and reducing waste.

The AM industry has come to a consensus and standardized the names and categorization of the
seven distinct process categories: Binder Jetting, Direct Energy Deposition, Material Extrusion,
Material Jetting, Powder Bed Fusion, Sheet Lamination, and Vat Photopolymerization [36]. This
manuscript focuses on the effects of heat treatment process done on AM manufactured Laser
Powder Bed Fusion from aerospace alloys, namely Inconel 718 and Ti-6Al-4V HDH.
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2.1 Laser Powder Bed Fusion
Laser Powder Bed Fusion (LPBF), also known as Direct Metal Laser Sintering (DMLS) or Direct
Metal Laser Melting (DMLM), is one of the common AM processes used in the fabrication of
metal parts. LPBF forms parts with a powerful laser selectively melting areas of a metal powder
bed. A dispensing mechanism then settles a new thin layer of metal powder on top of the previous
layer for the melting process to be repeated. Fig. 3 demonstrates the layered iterations of the
process [37]. This process is performed in an inert environment with either Argon or Nitrogen in
order to prevent material oxidation and self-ignition [38]. LPBF is a favored process in industry
due to its ability to repeatably produce high resolution parts with predictable results. Compared to
Electron Beam Laser Powder Bed Fusion, LPBF fabrication is done at relatively low temperatures
which leads to quicker solidification rates resulting in internal stresses [39].

Figure 3. Concept of LPBF process. (i) Laser selectively melts areas of a powder bed in a layered fashion. (ii) Process is
repeated with additional layers. (iii) Loose powder is removed to reveal final part.
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2.2 Electron Beam Powder Bed Fusion
Electron Beam Powder Bed Fusion (EBPBF) is very much similar to the LPBF process. Similar
to LPBF, EBPBF creates parts by selectively melting areas of a metal powder bed in a layered
fashion, as depicted in Fig. 4 [40]. It varies from LPBF in that the main power source is an Electron
Beam rather than a powerful laser. The technology was created by the Swedish company Arcam
AB [41]. Unlike the inert environment of LPBF, the electron beam requires the printing
environment to be performed under vacuum. This makes it an ideal environment for the
manufacture of reactive metals [42]. A tungsten filament then is heated to 2500 ℃ for the emission
of electrons. The electrons are then accelerated by high voltage difference towards the conductive
metal powder bed. Two magnetic fields control the electron beam focus and movements. From
this point forward the layered process of LPBF is similar. One of the advantages of using the
electron beam process over laser is its ability to fabricate high melting temperature alloys [43]. Is
does so while maintaining the characteristics of the metal, this is due to the pre-heating cycle it has
that the laser process does not. This feature lightly sinters the metal powder holding it in place for
the melting step. On every new layer as stream of electrons with a relatively low beam current
and high scan speed, pre-heats the entire powder bed to a temperature upwards of 700 ℃ [44].
This also helps maintain a low thermal gradient throughout the part and the melted layer.

11

Figure 4. Schematic of Electron Beam Powder Bed Fusion System

2.3 Powder Bed Fusion Challenges
As it is in many aspects of engineering cost is one of the main drivers in AM challenges, material
cost being one of them. Powder feedstock not only controls part of the cost in the process, but it
also controls the processability and final properties of AM parts.

Gas atomized powder has become the golden standard for powder in the Additive Manufacturing
realm. It is characterized by its chemical purity, sphericity, and flowability [45]. Gas atomization
is the formation process of powder from a molten metal container supplies material to an
atomization chamber through a nozzle, in which powerful inert gas jets convert the molten metal
into small metal droplets. The small metal droplets come spherical and cool down as the fall in the
12

chamber finally to be collected at the end of the process [46]. Gas Atomized powder however is
more expensive than its other powder forming processes. The schematic of this process is depicted
in Fig. 5 [47]

Figure 5. Schematic of free fall Gas Atomization
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Unlike other mass production processes such as plastic injection molding, Additive
Manufacturing, lends itself towards more high value, low volume applications. This is, at least in
part, why it is of such interest for rapid prototyping and unique applications in the aerospace
industry. For this same reason however, AM has been limited in adoption [48]. Additive
Manufacturing does not lend itself for economies of scale where the larger production of parts
drives cost down, as the initial machine cost is large and the time of part production is longer
compared to plastic injection molding. Additionally, to produce more parts more machines are
needed which won’t lower cost down.

With the recent expiration of patents, initial machine cost is continuously being lowered. This
however is not entirely in the hands of manufacturers, which is why they have looked into other
pathways to drive cost down. One way in which production cost can be reduced, is through the
qualification of parts manufactured with low-cost, material. After initial machine cost, the second
largest cost in production is material cost, standing at around ~11% of parts cost [49]. In the recent
study by S. Cacace and Q. Semeraro the influence of the atomization medium on the properties of
LPBF stainless steel was analyzed. In addition, a cost comparison between Gas Atomized (GA)
and Water Atomized (WA) was performed. 316L metal powder in the range of 15 – 50 µm in its
GA variant cost ~ $73 per Kg, while its WA counterpart of the same parameters cost ~ $18 per Kg
for a ~75% price reduction. Taking into account the ~11% impact of material cost in part
production, this represents a total production cost reduction of ~8%, with the change of GA to WA
metal powder [50]. Potential larger material cost savings can be accomplished through
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implementation of lower cost non-spherical powders. In this manuscript potential cost saving are
discussed in the use of low-cost, non-spherical, Ti-6Al-4V powder.

Powder Bed Fusion is revolutionizing the manufacturing landscape with its ability to create
complex geometries. Complexity does not come free however, and along with it come other PBF
challenges. Starting with the precursor powder, this on its own can presents its own set of
challenges. The properties of the powder affect its flowability and packing factor. This can affect
the thermal conductivity and laser absorptivity, which can lead to defects such as micro-cracks,
porosity, delamination, and bonding defects [51, 52, 53]. Which ultimately affects the and
mechanical properties of the parts themselves. The laser energy absorption has been found to not
be uniform but rather vary with the distance from the interaction region as well as the particle size
distribution [54]. This could contribute to a variation in the thermal gradient across the part which
lead to residual stresses [55]. In addition, the due to the atomization process, inert gas can become
entrapped within the metal droplets as they cool. This signifies that PBF parts could suffer from
internal porosity not only from process induced porosity but from entrapped gas in the atomization
process as well. This can be appreciated in Fig. 6 below [56]. Lastly depending on the powder
characteristic and the storage environment the powder has the potential to agglomerate causing
further problems the powder bed fusion process [57].

15

Figure 6. Cross sectional SEM image of two individual particles with internal
defects.
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It is known that the internal crystalline grain structure is one of the most influential determining
factors in a material’s mechanical behavior. It has also been discovered that PBF parts tend to
develop columnar grains that raise along with the direction of the print as well as following the
directional path of the scan strategy. This in term lead to anisotropic mechanical properties in AM
parts [58, 59]. Along with porosity, and fusion defects, anisotropic behavior all contribute to
diminished mechanical properties (Fig. 7) [60].

Figure 7. Common LPBF defects. (a) Pore. (b) Minor local delamination.

Fatigue life is one such mechanical property that has held back the adoption of AM in many
applications. Fatigue failure accounts for anywhere from 50 to 90 % of all mechanical failures.
AM parts notably perform under the expected performance for any particular material [61, 62, 63].
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2.4 Heat Treatment Processes
Hot Isostatic Pressing is a process by which simultaneous high temperature and isostatic pressure
is applied to a metal part to heal internal defects [64, 65]. HIP can be used on AM parts to mitigate
its common afflictions associated with LPBF such as internal stress, micro-cracks, and pores. With
HIP parts can achieve densities close to 100%. This process maintains the overall part chape but
compresses the part enough to close pores and heal cracks improving mechanical properties. The
process is typically performed at a pressure that is distinctly higher than the yield strength of the
material and a temperature that is 70-80% of the melting temperature or 80-90% of sintering
temperature. This process consolidates metal by mechanical deformation, creep, and diffusion, to
heal internal voids and improve strength of materials [66]. One can note the abundant presence of
internal pores in a part fabricated by traditional Powder Metallurgy and the lack thereof in the
following image in Figure 8 [66].

Although HIP produces eminently desired properties sought after in AM, it too produces adverse
effects. The high temperatures that HIP exposes metals to causes grain growth in the
microstructure of the parts potentially crating adverse effects on the mechanical performance.
Additional heat treatments can be used to optimize microstructure and properties after the fact,
however the higher temperatures associated with HIP still remain a dominant factor affecting the
microstructure [67]. In addition, the added steps and energy consumption of HIP adds to the overall
lead time and cost of parts.
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In this manuscript an experimental form HIP is studied with the Inconel 718 material discussed in
latter sections. Conventionally LPBF parts go through a Stress Relief step to eliminate residual
internal stress prior to them being machine off the bed plate. They then are HIPed to eliminate
internal defects. Further heat treatments such as Solution Annealing can be used to create more
desired microstructures. Ageing can too be used to optimize microstructure and mechanical
properties [68]. If used all these steps significantly add to the lead time and cost. The experimental
HIP cycles studied in this manuscript used a machine developed by Quintus Technologies in which
all these heat treatments can be performed in the same machine.

Figure 8. Optical Micrograph of cross-sectioned traditional Powder Metallurgy (left) and HIPed gear (right)

19

2.5 Uses of Inconel 718 and Ti-6Al-4V
2.5.1 Uses of Inconel 718
Inconel 718 is a Nickel based super alloy commonly used in aerospace applications due to its
retention of mechanical properties at high temperatures and excellent oxidation and corrosion
resistance. Inconel 718 is one material that can distinctively take advantage of AM; due to its high
strength and hardness this makes it hard to process with traditional machining and fabrication
methods but with the implementation of AM technologies previously unachievable geometrical
complexity can now be reached [69]. Inconel 718 has the exceptional ability to be manipulated
through various heat treatment cycles to tailor its microstructure and mechanical properties. Such
heat treatments like HIP can heal defects and create microstructure characteristics that increase
fatigue performance [70]. For these reasons Inconel 718 is an attractive candidate for aeronautical,
aerospace and nuclear applications [71].

A very common application for these two technologies in the aerospace industry is the fabrication
of turbine blades. These components experience extreme conditions and large centrifugal forces
at around 3000 rpm. High temperatures of 800-1200 ºC and pressures of 15 – 35 MPa are common
for which super alloys are required [72]. In order to ensure survivability of components under such
high temperatures thermal relieving measures must be taken. One such measure that can be taken
is the use of Thermal Barrier Coatings to reduce the temperature of the underlying substrate and
provide a barrier against oxidation [73]. A noble approach to provide cooling to these components
is the fabrication of internal cooling channels through AM. This concept is visually represented in
Fig. 9 below [74].
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Inconel 718 applications have been deeply explored and pushed forward by the military industry.
The material continues to be utilized in aircraft engines but has also found its way in the
implementation of submarines, helicopter engines, vehicles and vessels, and more notably in
ballistics impacts [75]. It has been found through an annealing process that the energy absorption
of Inconel 718 is increased [76]; this makes it an interesting contender for ballistic impact
applications. If combined with the sort of geometries only achieved by AM technologies, its
performance can be increased. Lattices sandwiched between plates have been found to withstand
larger blasts impulses than solid plates of the same material and weight [77]. The Federal Aviation
Administration requires the aircraft turbine get engines safely contain fan, compressor, and turbine
blades should they eject during operation; an application for which Inconel 718 has been
considered [78]. For this reason and the ability to tailor its properties through heat treatments
Inconel 718 has a wide range of applications in industry and more so with the use of AM.

Figure 9. Turbine blade design with internal cooling
channels.
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2.5.2 Uses of Ti-6Al-4V

Ti-6Al-4V is one of the most widely used titanium alloys used across a myriad of industries; it
accounts for nearly 60% of all titanium applications [26]; and with the implementation of AM
technologies its potential applications grow. One such field that benefits from the combination
these two technologies is the fabrication of heat exchangers. With the creation of new complex
geometries, higher performance systems have emerged. One specific application that has seen
improved performance over conventional designs is the manifold-microchannel heat exchanger.
Improvements of 45 – 100% in base conductance and 15 – 50% in heat transfer coefficient for the
same pressure drop, have been observed [79].

In the aerospace industry it is mostly used for in airframes and turbo fan engine parts. Its use in
the airspace industry however, is being aggressively increased it provides the opportunity for
cost saving as its light weight nature translates to a lower fuel consumption [80].

In the medical sector the implementation of AM, in conjunction with Ti-6Al-4V, new and
exciting developments can be made with titanium-based implants. Infections post operation are
of great concern in implant patients. These infections generally happen in areas, like in hip
implants, with poor blood flow where pathogens don’t always properly respond to antibiotics.
With potential to create complex hollow structures with AM and the latest developments of
nanotechnology, antibiotics can be incorporated into the prosthetic implants. Such concept can
be appreciated in Fig 10 below [81]. Ti-6Al-4V is also commonly used in dentistry for the use of
implants. The use of titanium’s biocompatibility in dentistry application has been extensively
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studied for decades ever since the first titanium dental implant in 1981. Pure Titanium and Ti6Al-4V have a clinical success rate up to 99% at 10 years; this due to implant durability and its
biocompatibility with bone and gingival tissues [82].

Figure 10. A total Hip replacement femoral stem concept with internal channels.
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Coincidently enough these two great alloys can be used in conjunction through the use of AM to
form bimetallic structures. Bimetallic structures comprise of the union of two dissimilar metals
to benefit from their distinct properties. This property combination can include but it is not
limited to thermo-physical, mechanical, electrical, corrosion and oxidation resistance [83]. A
common application for multi-material structures would be the use of surface modifications or
coatings to enhance wear resistance and perhaps improve mechanical and electrical properties.
As discussed, Inconel 718 is extensively used in many applications for its great mechanical
properties and resistance to high operating temperatures, while Ti-6Al-4V is praised for its high
strength-to-weight ratio. Their unique properties can complement each other for bimetallic
applications.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 Inconel 718
3.1.1 Powder Feedstock
A Gas Atomized powder was utilized for the Inconel 718 project. Virgin powder was provided by
Praxair (Danbury, CT, USA). Powder characterization was performed on a Retsch Camsizer X2
(Haan, Germany). The Camsizer is a Dynamic Image Analysis machine that is capable of
performing reliable measurements of particle morphology and size distribution. Particle size
analysis revealed a distribution of: D10 = 18 µm, D50 = 30 µm, D90 = 46 µm.

Table 1. Chemical Composition of Inconel 718 Powder from Praxair
Element

Typical Composition

Nickle (Ni)

50-55

Chromium (Cr)

17 – 21

Iron (Fe)

15 – 21

Niobium (Nb) + Tantalum (Ta)

4.75 – 5.5

Molybdenum (Mo)

2.8 – 3.3

Cobalt (Co)

1 Max

Titanium (Ti)

0.75 – 1.15

Tantalum (Ta)

0.5 Max

Manganese (Mn)

0.35 Max

Silicon (Si)

0.35 Max
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Copper (Cu)

0.3 Max

Aluminum (Al)

0.03 – 0.7

Carbon (C)

0.02 – 0.08

Phosphorus (P)

0.015 Max

Sulfur (S)

0.015 Max

Calcium (Ca)

0.01 Max

Magnesium (Mg)

0.0 Max

Boron (B)

0.006 Max

Selenium (Se)

0.005 Max

Bismuth (Bi)

0.00005 Max

For a more visual representation the powder was examined through SEM using the JEOL JSMIT500 (Tokyo, Japan) as shown in Figure 11.
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Figure 11. Gas Atomized Inconel 718 virgin powder SEM Images (a) Low
Magnification. (b) High Magnification.
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3.1.2

Laser Powder Bed Fusion System, Setup, and Fabrication
All Inconel 718 specimens were fabricated on an EOS M290 System (Krailling, Germany).

The EOS M290 is an industrial production Laser Powder Bed Fusion system equipped with a 250
x 250 x 325 mm build volume. It utilizes a 400 W Ytterbium fiber laser. Honeywell Aerospace
fabricated a total of 105 cylinders in the M290 system for this research. Each cylinder with a
diameter of 14 mm and an average length of 10 cm.

3.1.3

Process parameters

A preheated steel bed plate to 80 ºC was used to fabricate Inconel samples. The laser power was
set to 285 W with a scan speed of 960 mm/s. The beam had a diameter of 100 microns. Each laser
scan was separated with a hatching distance of 0.11 mm. A scan strategy with a striped width of
100 mm and 0.12 mm overlap was utilized. A 40 µm layer thickness finalized the process
parameters.
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3.1.4

Hot Isostatic Pressing parameters for post-processing heat treatment

As discussed previously in the Literature Review section, the noble approach of this research
comes from the experimental nature of heat-treating Inconel 718, to tailor its microstructure and
its mechanical properties, while holding hot isostatic pressing in the original HIP chamber. All of
which was not previously reported in literature. The research performed studied eleven variants,
all of which underwent a combination of HIP and a heat treatment (HT), both in and out of the
HIP chamber.
The heat treatments used were Stress-Relief Anneal (SR), Hot Isostatic Pressing (HIP), Solution
Annealing (SA), and Ageing (Age) (SAE AWS 5662 (2016)) as well as a high temperature
solutionizing. as denoted in Table 2. Below. All HIP and heat treatments that were performed in
HIP (denoted by a “*” in the Table 2.) were performed in a QIH9 system with Uniform Rapid
Cooling furnace (Quintus Technologies LLC, Lewis Center, OH, USA).

Table 2. Hot Isostatic Pressing and Heat Treatment Parameters
Variant

Process

1

SR
HIP
SA
Age
SR
HIP
SA
Age
SR
HIP
SA
Age

2

3

Pressure
(psi)

Temperature
(ºC)

Hold Time
(min)

None

None

1065

90
None

None

1065

90
None

None
None

720
620
29

480
480

Cooling
Rate
(ºC/min)

4.1

4.2

5

6

7

8

9.1

9.2

SR
None
1065
90
HIP
None
1120
240
SA
None
720
480
Age
None
620
480
SR
None
1065
90
HIP*
15,000
1163
180
SA
None
720
480
Age
None
620
480
SR*
12,000
1066
60
HIP*
15,000
1163
180
SA
None
720
480
Age
None
620
480
SR
None
1065
90
HIP*
15,000
1163
180
SA*
12,000
1060
20
Age
None
620
480
SR
None
1065
90
HIP*
15,000
1163
180
SA*
14,200
1060
20
Age
None
620
480
SR*
10,000
1066
60
HIP*
15,000+12,000 1163 + 1060
180 + 20
SA*
10,000
720
480
Age*
1,000
620
480
SR
None
1065
90
HIP*
15,000
1105
180
SA*
15,000
720
480
Age
None
620
480
SR
None
1065
90
HIP*
15,000
1200
180
SA*
15,000
720
480
Age
None
620
480
*Heat treatment done in Hot Isostatic Pressing (HIP) Machine
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~150
~150

~150

~1500
~150

~150

~150

3.1.5

Tensile Testing
All post processed cylinders and as-printed samples were machined in accordance to the

ASTM E8 standard for tension testing of metallic materials. Monotonic uniaxial tensile strength
testing was performed on an MTS Landmark (Eden Prairie, MN, USA) servo-hydraulic system,
for all specimens. The MTS Landmark has a force capacity of 100 kN and was equipped with
threaded grips. Axial strain measurements were taken with an MTS 30 mm axial clip extensometer.

3.1.6

Microstructure characterization

Following tensile testing Inconel samples from all variants were sectioned for metallographic
analysis. The tensile specimens were sectioned at both of the unstrained threaded sections, as
shown in Figure 17. Both the top and the bottom threaded sections of the specimen were sectioned
for study as they were not affected by the loads of the tensile test, thereby not disrupting the
microstructure.
Samples were sectioned with the ATM BRILLANT 220 (Haan, Germany) precision cutter.
Metallographic samples were mounted with the ATM OPAL 460 (Haan, Germany) hot mounting
press in black epoxy. Grounding and polishing, was performed with the ATM SAPHIR 530 (Haan,
Germany) semi-automatic system. Grinding began with a resin-bonded diamond grinding disc
with a 120 grit and an rpm of 300. They were ground with a force of 35 N until plane. Samples
were then moved to a fine grinding pad and a 9 microns diamond suspension at 150 rpm with a
force of 35 N for 5 minutes. A final polishing step was performed on a woven acetate cloth with a
1 µm diamond suspension at 150 rpm and a 35 N force for 5 minutes.
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General microstructure was revealed with Kalling’s No. 2 reagent consisting of 5 g of
Copper Chloride, 100 mL of Hydrochloric Acid, and 100mL of Ethanol. Etching needs to be
performed immediately after the last polishing step in order to avoid oxidation. The amount of
exposure to the reagent varied ranging from 3 s to 60 s depending on the variant. Variant 1 was
etched with the cotton swab method. Variants 2 to 9.2 were electro-etched at 5V for varying times.
Microstructure was then studied on the Olympus GX53 (Olympus Inc., Tokyo, Japan) inverted
optical microscope.
3.1.7

Density measurements
Volume measurements were obtained by performing gas displacement pycnometry with

the AccuPyc II 1340 (Norcross, GA, USA). The AccuPyc performed 5 measurements of each
sample and provided an average. The mass was performed on a Sartorius CP124S weight balance
(Sartorius AG, Gotinga, Germany). The density was then calculated by diving the mass by the
volume.
3.1.8

Hardness Testing

Hardness testing was performed on a Struers Duramin-A300 (Ohio, US) on the Rockwell C scale.
The hardness results reported are an average from measurements performed from both the bottom
and top sections of the tensile specimen at the X, Y, and Z cross sections. Indentations were done
with a load of 100 gf and a dwell time of 5 s. Four evenly distributed indentations were done on
every surface, separated by at least one millimeter.
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3.1.9

Grain Size Measurements

Grain size measurements were attained using the mean intercept method as denoted in the ASTM
E 112 standard. The average grain size was estimated by counting the number of grain boundaries
intercepted by one or more straight lines until 100 intercepts were obtained. Annealing twin
boundaries were included as intercepting boundaries.
3.2 Ti-6Al-4V HDH
Recent work by Jaber, et al. [24] as noted above, compared Laser Powder Bed Fusion
components of Ti-6Al-4V utilizing 100% commercial, spherical powder and a 1-to-1 mixture of
spherical and non-spherical (HDH) Ti-6Al-4V alloy powder. The powder mixture exhibited a 30%
reduction in flowability while the corresponding, as-built components exhibited porosity and large,
unmelted fusion zones ~100 µm in size. The tensile strength and elongation for the mixed powder
components were observed to be ~17% and 31% lower, respectively than for the 100% spherical
powder fabricated components. It is notable that the build process parameters were constant at 125
W laser power and 103 mm/s laser scan speed for a layer thickness of ~ 20 µm.
3.2.1 Powder Feedstock
In this study, Laser Powder Bed Fusion process parameters were systematically caried in
fabricating simple test cubes to achieve a wide range of laser scan speeds and volumetric energy
densities in non-spherical, HDH Ti-6Al-4V alloy powder layers ~30 µm thick. Optimum process
parameters were as selected on the basis of minimum, as-built test cube porosity and corresponding
maximum density. Additionally, post-process heat treatments were also utilized to create
essentially full density, low porosity products. Unlike the work of Hou, et al. [27] utilizing
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modified (ball-milled) HDH powder Ti-6Al-4V powder in Electron Beam Powder Bed Fusion
processing, the current study utilized as produced Ti-6Al-4V HDH powder as shown in the SEM
images in Fig 13. and provided by Reading Alloys-Kymera International (Raleigh, US). Particle
size and morphology analysis was performed through the Retsch Camsizer X2 (Haan, Germany)
dynamic Image Analysis system. Analysis revealed a particle size distribution of D10: 54.9 µm,
D5: 72.7 µm, and D90: 88.9 µm as shown in Figure 12. Powder morphology can be visually
appreciated in from the Scanning Electron Microscope images of Fig. 13 taken with the JEOL
JSM-IT500 (Tokyo, Japan).

Figure 12. Particle Size Distribution.
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a

b

Figure 13. Ti-6Al-4V HDH Powder SEM Images. (a) Low Magnification. (b) High
Magnification.
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3.2.2 Process Parameters
Ti-6Al-4V HDH parts were fabricated on a preheated bedplate at 175 oC. A design of experiments
was performed to develop the optimal printing parameters for the HDH powder. Fourteen 15 x
15 x 15 mm test cubes were fabricated with various parameter changes. A layer thickness of 30

µm and stripe width of 10 mm were kept constant. Scan speed, laser power, hatch distant all
changed to yield different volumetric energy densities as shown below in Table 3. Cube one
yielded the least noticeable porosity from optimal micrographs as well as the highest density from
pycnometry. These were the chosen printing parameters moving forward.
Table 3. Process Parameters Design of Experiments.

Cube

Scan Speed

Laser

Hatch

Power

Layer

Stripe

Thickness

Width

e

(mm/s)

(W)

(mm)

(µm)

(mm)

(J/mm3)

1

1200

280

0.14

30

5

55.6

2

1200

310

0.14

30

5

61.5

3

1200

340

0.14

30

5

67.5

4

1100

280

0.14

30

5

60.6

5

1000

280

0.14

30

5

66.7

6

1000

280

0.12

30

5

77.8

7

1000

280

0.1

30

5

93.3

8

400

110

0.12

30

5

76.4
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9

400

120

0.12

30

5

83.3

10

400

130

0.12

30

5

90.3

11

360

110

0.12

30

5

84.9

12

320

110

0.12

30

5

95.5

13

320

110

0.1

30

5

114.6

14

320

110

0.08

30

5

143.2

3.2.3 Laser Powder Bed Fusion System, Setup, and Fabrication
All Ti64 HDH pieces were fabricated in an EOS M290 (Krailling, Germany). The M290 is reliable
industrial production Laser Powder Bed Fusion system equipped with an Ytterbium laser capable
of reaching 400 W of power and a print volume of 250 x 250 x 325 mm. This print volume was
utilized to print sixty 14 x 80 mm vertical cylinder and eleven 77 x 14 x 60 mm bars in the layout
that is represented in figure 14. Eleven of the sixty successfully printed cylinders were allocated
for the Annealing heat treatment described in section 2.4, 6 more were selected for HIP, and 11
more for a combination of HIP and Annealing.
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Figure 14.Build Plate Print Layout.

3.2.4 Part Fabrication
In addition to the various test geometries fabricated as shown in Fig. 14, a series of complex,
aerospace components were fabricated from the non-spherical HDH Ti-6Al-4V powder utilizing
the optimized process parameters described above. These are illustrated in the examples shown in
Figs. 15 and 16.
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50 mm

50 mm

50 mm

Figure 15. Annealed parts successfully printed from Ti-6Al-4V HDH.

The parts fabricated were an electronics box enclosure and a topologically optimized bracket. The
bracket and electronics box enclosure were designed by incorporating elements from a Design for
Additive Manufacturing (DfAM) perspective and took into account L-PBF process capabilities.
Both parts are representative of use cases for Department of Defense and Aerospace industry
applications. The parts produced under this program using Ti-6Al-4V HDH metal powder
feedstock was selected as a case study, and allow for a one-to-one comparison against the same
geometries that were built using Gas Atomized or Plasma Atomized metal powder in L-PBF.

50 mm

1 mm

Figure 16. Sectioned printed part
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1 mm

3.2.5 Heat Treatment Parameters
Following fabrication all printed samples were post processed with a heat treatment prior to the
machining for tensile testing. Annealed samples were processed in accordance to the SAE
Aerospace AMS 2801B parameters. HIP samples followed the ASTM F2924-14 Standard.
Detailed heat treatment parameters are described for the three variants in Table 4.

Table 4. Hot Isostatic Pressing and Annealing Parameters
Variant

1

Process

Anneal

Pressure (MPa)

none

Temperature

Hold Time

(oC)

(min)

704 ± 14

120 ± 15

Cooling

Air or Furnace
cooled

2

3

HIP

HIP

Anneal

100

896 -955

180 ± 60

Under inert

(± 15 of selected

atmosphere

temp)

below 425 oC

100

896 -955

180 ± 60

Under inert

(± 15 of selected

atmosphere

temp)

below 425 oC

none

704 ± 14

120 ± 15

Air or Furnace
cooled
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3.2.6 Tensile Testing
Post processed samples were machined for tensile testing following the ASTM E8 standard test
methods for tension testing of metallic materials. Monotonic uniaxial tensile strength tests were
performed using the MTS Landmark (Eden Prairie, US) servo-hydraulic system. The MTS system
was equipped with threaded grips and an MTS 30 mm axial clip extensometer for axial strain
measurements. Samples were strained at a rate of 0.47625 mm/min. Results from annealed variant
were averaged from 11 tensile samples, HIP variant was averaged from 6 tensile samples and HIP
+ Anneal results were averaged from 11 tensile samples.

Top

Bottom

Printing
Orientation

Figure 17. Machined tensile specimen. Sectioned
at the top and bottom threated sections for
metallography.
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3.2.7 Microstructure Characterization
Following the tensile testing, samples from each variant were sectioned at the threaded
portions with an ATM BRILLANT 220 (Haan, Germany) and a Silicon Carbide thin resin cut-off
wheel. Each sample had two threaded sections with approximate dimensions of 12 mm in diameter
and 15 mm in height, represented in Figure 17. The threaded sections were chosen for
metallographic analysis as they remained unstrained during the tensile testing therefore leaving
the microstructure undisrupted. Each sample was sectioned such that the X, Y, and Z planes could
be analyzed, placing the orienting the X and Y plane in accordance to the printing orientation.

Sectioned samples were mounted with the ATM OPAL 460 (Haan, Germany) hot
mounting press and black epoxy. Grounding and polishing of metallographic samples were done
in the ATM SAPHIT 530 (Haan, Germany) semi-automatic system. The first step of the grinding
was done with 320 grit silicon carbide abrasive paper and water at 300 rpm and a force of 35 N
until plane. Samples were then moved to a fine grinding disc with a 9 µm diamond suspension at
150 rpm and a force of 25 N for 5 minutes. The final polishing step consisted of 0.2 µm fumed
silica suspension on a neoprene polishing pad at 150 rpm with a force of 25 N for 5 minutes.

Following the final polishing step, general microstructure was revealed using Kroll’s
Reagent consisting of 92 mL of distilled water, 6 ml Nitric Acid and 2 mL of Hydrofluoric Acid.
The submersion method was used, exposing all surfaces to the reagent for varying times between
10 – 15 seconds. Microstructure was then photographed with the Olympus GX53 (Olympus Inc.,
Tokyo, Japan).
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3.2.8 Density Measurements
Volume measurements were performed through gas displacement pycnometry on the
AccuPyc II 1340 (Norcross, United States). Volume results for every variant were averaged from
5 measurements by the AccuPyc. Mass measurements were then obtained from the Sartorius
CP124S (Sartorius AG, Germany) weight balance. Density results were then calculated from the
division of mass by volume. A visual representation of the internal porosity can be appreciated
from the polished metallographic images in Figure 18.
a

b

c

100 μm

100 μm

100 μm

Figure 18. Polished Optical Micrographs demonstrating porosity across variants. (a) Annealed (b) HIP (c) HIP + Annealed.

3.2.9 Hardness Testing
Hardness measurements were performed on the Wilson® Rockwell® 2000 hardness tester.
Samples were indented with a Brale indenter on the Rockwell C scale (HRC). This was done with a preload of 10 Kgf and a main-load of 150 Kgf. Measurements were performed on two samples from each
variant at the top and bottom portions and the X, Y, & Z surfaces. Three indentations were made on every
surface separated by at least one millimeter. An average from all these measurements were then reported.
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3.2.10 Fracture Surface Analysis
The fracture surface of all variants was analyzed following tensile testing. One end of every
variant was mounted for observation and comparison in the JEOL JSM-IT500 (JEOL, Tokyo,
Japan) Scanning Electron Microscope.
3.2.11 Chemical Analysis
Chemical analysis was performed by Reading Alloys-Kymera International. O, N, H analysis was
performed on an 836 Series Elemental Analyzer from the LECO corporation (St. Joseph, MI). C and S
measurements were done on an CS744 Series Carbon/Sulfur Analyzer from LECO (St. Joseph, MI). Al, V,
Fe, Si, and Ca results were obtained from the Ciros Vision Inductively Coupled Plasma Spectrometer from
SPECTRO Analytical Instruments (Kleve, Germany). Results met grade 5 chemistry for Ti64 as shown in
Table 5.
Table 5. Chemical Composition of As-built parts

Ti64

Al

V

Fe

Si

Ca

O

N

C

S

H

5.92

4.06

0.20

0.014

0.006

0.17

0.042

0.033

0.0009

0.009

HDH
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CHAPTER 4
RESULTS AND DISCUSSION

4.1. Inconel 718
4.1.1 Microstructure Analysis and Discussion
The microstructure of the As-built parts (Variant 1), as shown in Figure 19a,b, consist of the
traditional Laser Powder Bed Fusion melt pool structure (Figure 19a) and an inter-band cellular
dendritic microstructure within small grain domains (~18 μm) (Figure 19b) similar to the
microstructures described in previous studies of Inconel 718 [7,10]. Prominent columnar grain
structures in Figure 19b are not present, as described in the work of Helmer et al. [84] and
Keshavarskerwani et al. [85]. This is due to the selection of processing parameters, which as
discussed by DebRoy et al. [86] in a recent study, control the development of solidification maps,
therefore determining the residual microstructures. The microstructures in Figure 19b are
compared with the microstructure characteristic of the stress-relied anneal (Variant 2) at 1065℃
(Table 2), as shown in Figure 19c, where the melt pools have annealed out and the cellular dendritic
structure has been recrystallized to from elongated and irregular, and even serrated grains having
a nominal size of ~22 µm. Note that the temperature at which these samples were stress-relieved
is just above that of characteristic rapid recrystallization in Inconel 718 [87, 88]. The hardness
results obtained in the Rockwell C-scale of hardness (HRC) drop form 38 in the as-built sample
(Figure 19b) (Variant 1) to 33 for the stress-relief anneal product (Figure 19c)
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a

100 µm

b

20 µm

c

100 µm

Figure 19. Optical Metallography image of as-built (Variant 1) Inconel 718
alloy component (a). (b) shows a magnified image of (a). (c) As-built and
stress-relief annealed 718 alloy (Variant 2) (Table 2).

46

In contrast to Figure 19, Figure 20a,b compares Variant 3 and Variant 4.2, which were subjected
to stress-relief anneal plus solutionizing and aging heat treatment (Table 2.) , with no HIP for
Variant 3 (Figure 20a) and stress-relief anneal at 1065 ℃ and HIP at 1163 ℃ for 3 h for Variant
4.2. (Figure 20b). In comparison to Figure 19c, in Figure 20a only a slight grain growth is observed
from 22 µm to 24 µm. In contrast Figure 20b shows complete recrystallization forming equiaxed
grains (~39 µm) and containing profuse annealing twins [87, 88], and precipitates in both the grain
boundaries and the grain interiors. HRC values for Figure 20a,b were ~54 and 53 respectively; an
increase of ~42% from Figure 19c. Figure 21a,b show the microstructures (for Figures 20a,b) at
higher magnifications. Figure 21a demonstrates prominent precipitates along the grain boundaries
and with the grains, as well as numerous, faint parallel precipitate-like features within the grains.
Clearly, these microstructures account for the prominent increase in hardness. In contrast Figure
21b shows prominent precipitates within the grain boundaries and the intra-grain regions as well,
but these precipitates are notably different from those in Figure 21a, and are likely to be MC
carbides, since all other precipitate phases (gamma prime, gamma double-prime, delta, and other
carbides) have solvus temperature below the 1163 ℃ HIP temperature the specimens in Figure
21b were subjected to (Table 2.) [89-91].

It is of note to observe in Figures 20b and 21b that while carbides appear in the grain boundaries,
there are no carbides in the straight {111} fcc coincident annealing twin boundaries. The
phenomenon is especially prominent in Figure 21b at the large twin grain located at the lower-left
portion of the image, where precipitates are absent along the coherent (straight) boundaries, but
occur at the steps at the end of the twin grain; the non-coherent twin boundary segments. This
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phenomenon has been seen and described in the heat treatment of 304 stainless steel by Trillo and
Murr [92], as well as in the recent EBM cladding of Inconel 690 on 316 Stainless Steel substrates
aged at 685 ℃ for 50 h [93]. This occurs because of the very low interfacial free energies of
coherent {111} annealing twin boundaries in comparison that of non-coherent boundary steps and
the regular grain boundaries, thereby retarding the carbide nucleation and precipitation [94].
Interestingly, Da Cruz Gallo et al. [95] have also described similar interfacial energy preferences
for delta phase precipitation in hot-rolled Inconel 718 forgings.
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a

100 µm

b

100 µm

Figure 20. Optical Metallography of Variant 3 (a) and Variant 4.2 (b) (Table 2.)
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a

20 µm

b

20 µm

Figure 21. Magnified Optical Metallography of Variant 3 (a) and Variant 4.2 (b).
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Variants 5, 6, and 7, heat treated as shown in Table 2, exhibited microstructures essentially the
same as those to Figures 20b and 21b. Variants 6 and 7 are illustrated in Figure 22a,b. These
variants demonstrated grain sizes ranging from 32 to 35 µm, with corresponding HRC values
ranging from 49 to 52. While Variant 8 represents a more complex and experimental heat treatment
cycle where SR, HIP, SA, and Age were all performed within HIP (Table 2), the solutionizing and
aging were performed in the HIP regime. The microstructures were unchanged from that of Figure
22. This is shown in Figure 23 which also compares with Variant 9.2 (Table 2) at 1200 ℃. The
higher HIP temperature associated with Variant 9.2 (Figure 23b) is reflected in a gain size growth
of ~49 µm to that of Variant 8 (Figure 23a) with an average grain size of 33 µm.

From comparing Figures 20b through Figure 23, it is apparent that HIP treatments at temperatures
from 1163 ℃ up to 1200 ℃, which is well above the rapid recrystallization temperature of ~1050
℃ for Inconel 718 [87, 88], control the residual heat treatment microstructures (or grain sizes,
which only vary from 33 to 49 µm). This is also apparent in the corresponding hardnesses which
only varied from 51 to 53 HRC. These hardnesses are determined by the formation of carbides,
which are stable up to ~1250 ℃. Consequently, when HIP treatments are used, the HIP
temperature becomes a controlling feature for determining the mechanical properties.
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a

100 µm

b

100 µm

Figure 22. Optical Metallography for Variant 6 (a) and Variant 7 (b) (Table 2).
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a

100 µm

b

100 µm

Figure 23. Optical Metallography for Variant 8 (a) and Variant 9.2 (b) (Table 2).
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4.1.2. Mechanical Property and Discussion
The mechanical properties of all variants along with related data is shown in Table 6. This includes
the nominal (average) yield stress, UTS, and elongation for the experimental tensile measurements,
along with the corresponding density, hardness (HRC), and grain size measurements. It can be
observed from comparing Variant 1 and 2, that there is only a small variance in the tensile yield
stress difference between the as-built (Variant 1) and the stress-relief annealed (Variant 2)
products. However, the elongation increased by ~64% while the corresponding hardness decreased
by 15%. These differences are reflected in the comparative microstructures shown in Figure 19.
Another relevant difference in mechanical properties shown in Table 6 is that of Variant 2 and
Variant 3 where the Yield Stress has more than doubled while the elongation has decreased by a
factor of 3.3. The hardness has also increased by 64%. This is caused by the hardening-induced
nano-precipitation resulting in the grain boundaries and grain interiors for Variant 3 as a
consequence of solutionizing and aging. These features are shown in Figures 20a and 21a.

From Variant 4.1 to 9.2 in Table 2, the Yield Stress varied from 1.07 to 1.17 GPa (~9%), UTS
from 1.32 GPa to 1.38 GPa (~6%), elongation from 11.4% to 19% (a change of 67%), and a
hardness change of ~8%. In the extreme, for example the hardness change between Variant 2 and
Variant 4.2 was ~61%, while the elongation between Variant 2 and Variant 8 decreased by a factor
of 2.8. Equiaxed grain became present starting with the first variant to undergo HIP (Variant 4.2)
and onward. The equiaxed grain sizes from Variants 4.2 to 9.2 (Figures 20b, 21b, 22b, and 23b)
vary from 30 to 39 µm. Table 6 also shows the variation in density which ranged from ~8.11 to
8.2 g/cm³. This range is comparable to those found in recent work by KUO, et al. [7] (8.11 to 8.24
g/cm³) for heat treat Inconel 718 fabricated via LPBF.
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Table 6. Mechanical Properties and Related Data.
Inconel 718 Properties
UTS

Ɛmax

Density

Hardness

Grain Size

GPa

GPa

Elong.

(g/cm³)

(HRC)

µm

1

0.64

0.98

26.3 %

8.13

38

18

2

0.60

0.92

43.1 %

8.11

33

22

3

1.26

1.40

12.6%

8.15
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24

4.1

1.14

1.35

18.0%

8.12

52

38

4.2

1.13

1.35

17.2%

8.14

53

39

5

1.07

1.33

19.0%

8.14

49

33

6

1.15

1.36

14.3%

8.20

52

35

7

1.07

1.32

16.3%

8.18

49

32

8

1.16

1.36

11.4%

8.12

51

33

9.1

1.16

1.38

15.0%

8.15

52

30

9.2

1.17

1.38

11.6%

8.13
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49

Variant

Yield
Stress
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It is apparent from Table 6 and with reference to Table 2, that heat treatment schedule strategies
can allow a wide range of choices for mechanical properties for LPBF Inconel 718 components.
While more conventional post-process heat treatments involving solutionizing and aging
treatments produce a range of precipitation hardening, as shown for Variant 3 (Table 2) (Figure
21a) [6-12, 89], heat treatments dominated by HIP temperatures in excess of 1120 ℃ uniformly
results in recrystallized, equiaxed grains of only tens of microns, containing annealing twins and
carbides. Consequently, HIP treatments dominate the heat treatment strategies for manipulating
microstructures and associated mechanical properties of Inconel 718. This is particularly apparent
in comparing the similar microstructures of Figures 20b, 21, 22, and 23 with tensile properties
shown in Table 6, where the yield strength only varies by ~4% while the elongations vary by ~64%
(11.6% to 19% for Variants 9.2 and 5, respectively).
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4.2 Ti-6AL-4V HDH
4.2.1 Microstructure Analysis and Discussion
The typical microstructure for the as-built Ti-6Al-4V alloy product utilizing the non-spherical
HDH powder is demonstrated in Fig. 24. In Fig 24a. which represents the low magnification
image, demonstrates varying size of grains elongated in the build direction along with layerrelated melt pools. The higher magnification views in Fig 24b and c show a preponderance of
alpha-prime martensite represented by the black lamellae which are variously etched in
optimally oriented grains. These martensite lamellae, having widths of ~2 µm, result from the
rapid cooling associated with the laser beam processing. The corresponding HRC hardness
average characteristic of the test components represented in Fig 24. was 44.6, which along
with the martensitic microstructure in Fig. 24b and c is typical for LPBF as-built Ti-6Al-4V
alloy components utilizing spherical, atomized precursor powder [14, 19-21]. In Fig. 24b and
c, the alpha-prime (martensite) microstructure results by the diffusionless, composition
invariant beta -à alpha-prime martensite transformation. This was observed by Jaber et al.
[24] using an HDH non-spherical/spherical Ti-6Al-4V powder mixture for laser powder bed
fusion processing, as well as the more recent work of Narra et al. [28] using a modified, nonspherical HDH Ti-6Al-4V alloy precursor powder.

In contrast with the as-built microstructure shown in Fig. 24, the non-spherical HDH Ti6Al-4V annealed product microstructure typical for the complex component fabrications shown in
Figs 15 and 16 is illustrated in Figs. 25 and 26, a and b at the build bottom and top for the test rods
(Fig. 17), respectively. There is little difference for both the low and high magnification images in
Fig. 25 and 26, a and b in contrast to the corresponding as-built microstructures shown in Fig. 24a
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and c. It is also noted in Fig 26b that there is some residual porosity at the top of the fabricated
component where the temperature is highest. The optical micrographs in Fig. 25b and 26b show
the black, lamellar contrast characteristic of the alpha-prime martensite shown in Fig 24c. The
Rockwell C-scale hardness corresponding to Figs. 25b and 26b averaged HRC 43.9. This reduction
from the as-built component hardness of HRC 44.6 noted above attest to the stress-relief provided
by the anneal, which ideally involves the annihilation of process-induced dislocations.
Following HIP of the LPBF as-built components using the non-spherical HDH precursor
powder (Fig. 13), the variously elongated grain structure, with average grain sizes of ~125 µm,
was essentially unchanged (Figs. 25c and 26c). The lamellar (and acicular) alpha-prime martensite
shown in Figs. 25b and 26b was replaced by varying sizes and distributions of lamellar alpha
(alpha/beta), along with non-lamellar and globular alpha which is rendered white in the etching to
produce the optical micrographs shown in Figs. 25d and 26d. Some very small residual alphaprime is also observed as tiny dots. It is also notable that the width of the lamellar alpha segments
is ~2 µm. The corresponding hardness characteristic of the HIP microstructures shown in Figs. 25
and 26 c and d averaged HRC 40.7. This represents a ~7% from the annealed components noted
above. These results are similar to components fabricated from commercial, spherical Ti-6Al-4V
powder by LPBF where the HIPed (at 910 oC) microhardness dropped by ~13 % in contrast to asbuilt and stress-relief annealed at (704 oC) components [96].
HIPed (at ~926 oC) and annealed (at 704 oC) components (as shown in Figs. 25e, f and 26e,f)
exhibited little change in the residual microstructure from the HIPed components (Figs.25c,d and
26c,d). This feature was also attested to by the characteristic, average hardness of HRC 40.4;
essentially unchanged from HRC 40.7 for HIPed components.
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In comparing Figs. 25 and 26 (b, d, and f) it can be observed that while the lamellar
martensite in Figs. 25b and 26b, having a thickness of ~2 µm, is essentially unchanged for the
transformed, lamellar alpha (alpha/beta) microstructure in Figs. 25 and 26 (d and f). There is also
some non-lamellar alpha and globular alpha. This microstructure variation as a consequence of
HIP treatment accounts for the hardness variation.
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a

b

c

Figure 24. Optical Micrographs of As-built DOE Cubes from
the build middle. (a) Low magnification (b) Medium
Magnification (c) High Magnification
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a

b

500 µm

100 µm

c

d

500 µm

100 µm

e

f

500 µm

100 µm

Figure 25. Optical Micrographs for Anneal, HIP and HIP + Anneal samples from the build bottom. (a) and (b) show low and
high magnification images for anneal samples. (c) and (d) show low and high magnification images for HIP samples. (e) and (f)
show low and high magnification image for HIP + Anneal samples.
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a

b

500 µm

100 µm

c

d

100 µm

500 µm

e

f

500 µm

100 µm

Figure 26. Optical Micrographs for Anneal, HIP and HIP + Anneal samples from the build top. (a) and (b) show low and high
magnification images for anneal samples. (c) and (d) show low and high magnification images for HIP samples. (e) and (f) show
low and high magnification image for HIP + Anneal samples.
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4.2.2 Tensile Testing and Mechanical Property Comparison and Discussion
The results of the tensile tests for all variants, non-spherical HDH Ti-6Al-4V powder
fabricated components and corresponding to microstructures presented in Figs 25 and 26, are
summarized in Table 7. The average yield stress and UTS of ~1.2 GPa and elongation (Ɛmax)
of ~8.7 % for the annealed components is characteristic of mill-annealed and solution-treated
and aged bars and billets of Ti-6Al-4V. These are also in line with the characteristics of Laser
Powder Bed Fusion fabricated Ti-6Al-4V components using spherical, atomized precursor
powder [19-21, 27, 97-100]. In Fig 27. The tensile stress-strain diagram of all teste specimen
variants is compared; each individual graph represents the test specimen that most closely
exhibited the properties of the averages of their respective variant shown in Table 7. Table 7
also compares the average components densities and the Rockwell C-scale (HRC) hardness.
In Fig. 28 the fracture surface corresponding to the stress-strain diagrams shown in Fig 27 are
compared. Ductile dimples 1-2 µm in diameter dominate the annealed specimens shown in
Fig. 28b, while somewhat larger dimple sizes averaging 2-3 µm characterize the HIP + Anneal
specimens shown in Fig 28d,f. These variations in ductile dimple sizes roughly corroborate
the ductility values shown in Table 7 and Fig 27. There is notable porosity associated with the
annealed component shown in Fig 26b which may contribute to the reduced ductility in
contrast to the HIP and HIP + Anneal components.
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Table 7. Mechanical Properties of Tensile Samples Using HDH Ti-6Al-4V

Variant

Yield Stress

UTS

Ɛmax

Density

Relative

Hardness

(MPa)

(MPa)

(%)

(g/cm³)

Density*

(HRC)

Mean

SD**

Mean

SD**

Mean

SD**

Mean

SD**

Mean

Mean

SD**

Anneal

1185

15

1217

13

8.7

1.3

4.39

0.004

99.2%

43.9

1.36

HIP

1025

17

1083

13

16.7

0.8

4.41

0.006

99.5%

40.7

0.93

HIP +

1039

9

1089

9

16.1

1.1

4.40

0.005

99.4%

40.4

0.97

--

--

--

--

--

--

4.38

0.002

98.9%

44.6

0.71

Anneal
As-built

* 4.43 g/cm³ as full density
** Standard Deviation

Figure 27. Stress vs. Strain Curves of individual samples closest to the average.
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a

b

20 µm

1 mm

c

d

1 mm

20 µm

e

f

20 µm

1 mm

Figure 28. SEM Images of Fracture surfaces. (a) and (b) show low and high magnification of the Anneal fracture. (c) and (d)
show low and high magnification of the HIP fracture. (e) and (f) show low and high magnification of the HIP + Anneal fracture.
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The yield stress, UTS, and elongation associated with the HIPed components (Variant 2 in Table
7) are exceptional, and exceed laser powder bed fusion Ti-6Al-4V components fabricated from
traditional, spherical, atomized alloy powders [99, 100]. This is due partly to the closing of small
pores as shown in Fig. 18 a and b, as well as the increased density implicit in Table 7. The fine
lamellar alpha/beta microstructure shown in Figs. 25d and 26d also facilitate the resulting high
yield stress and ductility; which are equivalent to the best commercial, wrought Ti-6Al-4V.
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CHAPTER 5
CONCLUSIONS
5.1 Inconel 718
This research explores a wide range of experimental range of post-LPBF processing heat
treatments for Inconel 718 alloy ranging from simple stress-relief anneal or simple HIP, to multiple
treat cycles. Including stress-relief anneals, HIP solutionizing and aging; including high
temperature solutionizing, which dissolves most precipitate phases except for MC carbides, and
produces recrystallized, equiaxed grains containing annealing twins. These various heat treatment
cycles produced residual mechanical properties involving tensile yield strength and elongation
variations from 1.26 GPa and 12.6% for stress-relief anneal and standard solutionizing and aging,
to 1.07 GPa and 19% for stress-relief anneal and HIP at 1163 ℃. These values can be compared
with simple stress-relief anneal at 1065 ℃, which produced tensile yield stress of 0.60 GPa and
elongation of 43%. Corresponding Rockwell C-scale hardness (HRC) values ranged from 33 for a
yield stress of 0.60 GPa to 54 for a yield stress of 1.26 GPa.

Microstructures for the As-built Inconel 718 consisted of cellular micro-dendrites in small
(18 µm) directional grains, which were recrystallized to equiaxed grains ranging from ~30 to 49
µm, and containing annealing twins and carbides at grain boundaries and intragrain regions for
HIP treatments cycles above 1060 ℃.Carbide precipitates were not observed to nucleate and grow
on the coherent {111} twin boundaries as a consequence of their very low interfacial free energy
relative to the regular grain boundaries. It can be concluded that for any HIP-inclusive heat
treatment cycles where the HIP temperature is above 1060 ℃, equiaxed, twinned grain structures
containing carbides dominate Inconel 718 microstructures and associated mechanical behavior.
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5.2 Ti-6AL-4V HDH
The heat treatment of Ti-6Al-4V components, especially HIP of components fabricated from 100%
non-spherical HDH precursor powder by Laser Powder Bed Fusion, has produced nearly fully
dense, high strength (yield > 1 GPa) and high ductility (~17% elongation) products. The resulting
mechanical properties rival the best commercial, wrought Ti-6Al-4V products, and exceed Ti-6Al4Vproducts fabricated by Laser Powder Bed Fusion utilizing more conventional, spherical,
atomized precursor powders following heat treatment; including HIP. It is especially notable that
superior Ti-6Al-4V alloy products have been fabricated using 100% non-spherical, HDH powder
which represents meaningful economic advantage over more conventional spherical, atomized
precursor powder. This represents a milestone development in Ti-6Al-4V Additive Manufacturing.
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